ABSTRACT
tionship between these overt signs of SVD and cognitive and psychological dysfunction is modest, and interindividual variability is high. It is suggested that these visible lesions represent only the tip of the iceberg and that SVD may also cause more subtle and diffuse microstructural changes in the brain. Microstructural integrity can be determined with diffusion tensor imaging, which measures the diffusion of cerebral water molecules. Diffusion changes have been observed not only in lesions visible on standard MR imaging but also in the surrounding normalappearing brain tissue. [5] [6] [7] The pathologic processes underlying changes in DTI measures include axonal degeneration and ischemic demyelination, 7, 8 which may lead to disruption of white matter tracts that connect brain regions involved in cognitive functions. DTI measures of WM microstructural integrity may have additional value in explaining the variance in cognitive function beyond conventional MR imaging features of SVD. 9 It has also been shown that microstructural integrity is an independent predictor of cognitive function beyond other features of SVD. Crosssectional studies in older individuals (mean age, 60 -70 years) found that diffusion signal abnormality in WMHs, and particularly in normal-appearing white matter, was associated with cognitive dysfunction, irrespective of WMHs, lacunar infarcts, or brain volume. [10] [11] [12] A longitudinal study in older individuals (mean age, 74 years) demonstrated that diffusion signal abnormalities in normal-appearing gray or white brain tissue, rather than in WMHs, predicted faster cognitive decline 3 years later, regardless of conventional SVD features. 13 Furthermore, a crosssectional study (mean age, 69 years) found that compared with controls, older individuals with psychological dysfunction had diffusion signal abnormalities, even after the exclusion of WMHs from the DTI measurements.
14 Currently, no data are available for determining the role of microstructural integrity as an independent predictor of neurocognitive function in the oldest elderly individuals, in whom overt features of SVD and, in particular, atrophy are more prevalent. Therefore, this cross-sectional study investigated whether microstructural integrity is independently associated with cognitive and psychological dysfunction in an older population (mean age, 81 years) beyond other features of SVD.
MATERIALS AND METHODS

Participants
Participants for this cross-sectional study were included from the MR imaging substudy of the Discontinuation of Antihypertensive Treatment in Elderly People on Cognitive Functioning (DANTE) Study Leiden. 15 Between June 2011 and August 2013, community-dwelling persons were included when they were 75 years of age or older, had a Mini Mental State Examination score between 21 and 27, were on antihypertensive medication, and had a current systolic blood pressure of Յ160 mm Hg. Excluded from the present study were participants with a clinical diagnosis of dementia, current angina pectoris, cardiac arrhythmia, heart failure, myocardial infarction, or a coronary reperfusion procedure Յ3 years ago and a history of stroke or transient ischemic attack. A detailed description of the procedures used has been published previously. 15 The Medical Ethical Committee of the Leiden University Medical Center approved the study, and written informed consent was obtained from all participants.
A total of 236 participants underwent MR imaging of the brain, of whom 16 were excluded due to incidental MR imaging findings (cortical infarcts, n ϭ 8; aneurysms, n ϭ 2; normal pressure hydrocephalus, n ϭ 2; meningioma, n ϭ 1; cavernoma, n ϭ 2; internal carotid artery occlusion, n ϭ 1). After an additional 25 were excluded due to DTI of insufficient quality, 195 participants were available for the present analyses.
Data Acquisition
Demographic and Clinical Characteristics. Demographic characteristics were assessed at baseline by using a standardized interview, and blood pressure was measured. 15 General practitioners used structured questionnaires to obtain medical history and medication use. 17 segmented, 18 and aligned 3D T1 images into the Montreal Neurological Institute 152 standard space by using FLIRT. Lower FA and higher MD, AD, and RD indicated poorer microstructural integrity. Microbleeds were assessed by using T2*-weighted MR imaging (TR/TE ϭ 45/31 ms, flip angle ϭ 13°, FOV ϭ 250 ϫ 175 ϫ 112 mm, voxel dimension ϭ 0.8 mm, isotropic) and were defined as focal areas of signal void (on T2-MR imaging), which increased in size on T2*-weighted images (blooming effect) compared with the corresponding T2-weighted images (TR/TE ϭ 4200/80 ms, flip angle ϭ 90°, FOV ϭ 224 ϫ 180 ϫ 144 mm, matrix size ϭ 448 ϫ 320, 40 sections, 3.6 mm thick). Symmetric hypointensities in the basal ganglia, likely representing nonhemorrhagic iron deposits, were disregarded. MR imaging acquisition; image processing; and analysis of WMH volume, brain volume, and lacunar infarcts have been described previously.
MR
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Cognitive and Psychological Function
Global cognitive function was assessed with the Mini-Mental State Examination. Scores range from 0 to 30 points with higher scores indicating better performance. 21 A battery of cognitive tests was administered from which cognitive domain compound scores were calculated. 15 Executive function was assessed with the 25 These 6 tests were combined in the overall cognition com-pound score. The Geriatric Depression Scale (GDS)-15 26 was used to measure symptoms of depression (range, 0 -15 points, with higher scores indicating more symptoms), and the Apathy Scale of Starkstein, 27 to measure symptoms of apathy (range, 0 -42 points, with higher scores indicating more symptoms).
Statistical Analysis
Characteristics of the participants are presented as mean Ϯ SD, median (interquartile range), or as number (percentage), where appropriate. Education was dichotomized at primary education (6 years of schooling). The distribution of WMH volume was skewed, which required transformation by a natural logarithm. Linear models were used in which DTI measures in white and gray matter (standardized FA, MD, AD, and RD) were entered as independent variables; and standardized cognitive domain scores or GDS-15 and Apathy Scale of Starkstein scores were entered as dependent variables. In model 1, these analyses were adjusted for age, sex, and education; model 2 included these same variables plus the number of lacunar infarcts and number of microbleeds and WMH volume; and in model 3, normalized brain volume was added.
The F test was used to compare the fit (the R 2 ; explained vari- 
RESULTS
Demographic and Clinical Characteristics
The Table presents the characteristics of the study population; the mean age was 80.7 Ϯ 4.1 years, and 41.5% were men.
DTI Measures and SVD
In white matter, the FA, MD, AD, and RD were all related to WMHs, lacunar infarcts, cerebral microbleeds, and normalized brain volume (all P Ͻ .01) (On-line Table 1 ). In gray matter, a higher FA was associated with a lower volume of WMH and fewer lacunar infarcts. In addition, in gray matter, higher MD, AD, and RD were associated with the presence of lacunar infarcts and microbleeds and, most strongly, with a lower normalized brain volume.
DTI Measures and Cognitive and Psychological Function
On-line Table 2 presents the associations between DTI measures in white matter and cognitive and psychological function. In model 1, MD, AD, and RD in white matter were associated with worse executive function, memory, psychomotor speed, and overall cognition (all, P Ͻ .05). FA was associated with executive function and overall cognition. To assess the impact of diabetes mellitus and hypertension on our findings, we added these covariates separately to model 1; however, the results remained unchanged (data not shown). In model 2, additional adjustment for conventional features of SVD yielded similar effect estimates. In model 3, after further adjustment for brain volume, all these associations strongly attenuated, with only the association between FA in white matter and executive functioning remaining. Results for DTI measures in gray matter (On-line Table 3 ) followed a pattern similar to that of white matter, with the exception of the lack of any association with memory. After adjustment for normalized brain volume, only FA and RD in gray matter remained associated with executive functioning.
To assess the individual contribution of each covariate to overall cognitive functioning, we present the standardized ␤ coefficients for each variable in the fully adjusted model for 1 DTI measure (FA in white matter) in On-line Table 4 . The largest effect estimates were found for education and normalized brain volume. Model 3 fit significantly better (F test Ͻ0.05) than model 2 for executive function, psychomotor speed, and overall cognition as indicated by footnote c in On-line Tables 2 and 3. TBSS showed no associations between microstructural integrity and cognitive and psychological functioning. On-line Table 5 shows several associations between DTI measures in local brain regions and various cognitive domains. In both white and gray matter, global or local DTI measures were not associated with scores on the GDS-15 or the Apathy Scale of Starkstein.
DISCUSSION
This study shows that in older individuals with mild cognitive deficits, DTI abnormalities in the gray matter were associated with worse executive function, psychomotor speed, and overall cognition, whereas DTI abnormalities in white matter were, in addition, associated with memory. These relationships were independent of WMHs, lacunar infarcts, or cerebral microbleeds, but strongly attenuated after adjusting for brain volume.
In contrast to other studies, 34, 35 no global or local associations between microstructural integrity and symptoms of depression or apathy were found. Also, in contrast to our findings, a 3-year follow-up study in older individuals (mean age, 74 years) showed that DTI abnormalities in normal-appearing brain tissue predicted worse executive function, memory, and psychomotor speed, independent of WMHs, lacunar infarcts, and total brain volume. 13 In addition, a large cross-sectional study in older individuals (mean age, 67 years) showed that diffusion signal abnormalities were associated with several cognitive domains irrespective of brain volume and other conventional features of SVD. 12 A possible explanation for the differences between these latter study findings and ours is that we used different cognitive tests to assess cognitive function and included older participants, all of whom were using antihypertensive medication. In addition, adjusting for brain volume in populations with different ages (and a different prevalence for brain atrophy) is likely to yield different results. The present study shows that most of the associations between DTI measures and cognitive dysfunction attenuated after adjusting for brain volume. It is possible that the observed associations were, at least in part, mediated by atrophy. In support of this hypothesis, a longitudinal study reported that midlife white matter diffusion signal abnormalities predicted white matter atrophy. 36 However, several DTI measures in global and local brain regions were associated with cognitive functioning, irrespective of brain volume and overt features of SVD. FA in white and gray matter and RD in gray matter remained associated with executive functioning. Furthermore, FA in the putamen and MD, AD, and RD in the postcentral gyrus remained associated with executive functioning; and MD, AD, and RD in the hippocampus remained associated with memory. These findings might be because microstructural damage to myelin/axons/neurons 37 (undetectable on conventional MR imaging) may lead to disruption of neuronal circuits. These microstructural changes are thought to be secondary to SVD and related to vascular risk factors, in particular to hypertension. 38 Executive function is known to be the cognitive domain most sensitive to subtle and diffuse deterioration of microstructural integrity of vascular origin. 9, 39 To investigate to what extent hypertension contributed to our findings, we included blood pressure as an additional covariate in model 1, which did not affect any of the associations. This finding suggests that hypertension is an unlikely etiology for DTI abnormalities and cognitive dysfunction in our population. However, these findings should be interpreted with caution because only participants with a blood pressure of Յ160 mm Hg were included, and all participants used antihypertensive treatment, following the strict inclusion criteria from the DANTE study.
Compared with diffusivity measures, FA had a weaker association with brain volume. The disparity in associations suggests that the DTI measures may reflect a different pathophysiology. FA reflects a normalized ratio of diffusion directionality, whereas MD reflects the overall magnitude of water diffusion. Although research on the underlying pathologic substrate is scarce, a lower FA is thought to reflect irreversible structural damage, such as loss of myelin/axons, whereas increased MD may indicate an increase in interstitial or extracellular fluid. 40 The present results should be interpreted with caution because no causal inference can be made due to the cross-sectional design. Moreover, due to the strict selection criteria of the DANTE trial, the findings are only generalizable to older individuals using antihypertensive treatment without a history of serious cardiovascular disease or dementia. Finally, we performed multiple testing, which can increase the chance of type I errors (wrongfully rejecting the null hypothesis). The Bonferroni correction was not applied because this method is considered too conservative to use in multiple comparisons with outcomes that are correlated.
The strengths of the study include the extensive assessment of cognitive function and of microstructural integrity by using FA, MD, AD, and RD in both white and gray matter. Moreover, in the analyses of the relationship between microstructural integrity and cognitive function, we are the first to adjust for all features of SVD, including the presence of cerebral microbleeds, to our knowledge.
CONCLUSIONS
DTI measures in white and gray matter were associated with worse functioning on several cognitive domains. Associations were independent of WMHs, lacunar infarcts, and cerebral microbleeds but strongly attenuated after adjusting for brain volume. Only white and gray matter fractional anisotropy and gray matter radial diffusivity were associated with executive functioning, irrespective of brain volume. Our findings indicate that the relationship between DTI abnormalities and cognitive function is largely explained by brain volume. 
